A wavelength-selective reflector, composed of a double-ring-resonator add/drop filter and a loop-back mirror at the drop port to be used for a hybrid-integrated tunable laser is designed and fabricated. High-index-contrast polymer waveguide is used to realize a compact device as small as 2 mm x 0.4 mm. The radii of the rings are slightly different from each other to obtain a wide wavelength tuning via a vernier effect. Peak reflectivity is measured to be 52% for TE mode and polarization-dependent wavelength shift is 0.95 nm. The tuning range is measured to be about 42 nm for applied current as small as 46 mA.
I. INTRODUCTION
Since a ring resonator was proposed by Marcatili in 1969 [1] , it has been a popular research subject because it is expected to be used as a basic device for a variety of large scale functional photonic integrated circuits used in optical networks. These circuits have high complexity and many functions. In practice, ring resonators have been used to implement many optical devices such as optical add/drop filters, tunable lasers, wavelength reflectors, optical switches, and bio sensors [2] [3] [4] [5] [6] [7] [8] . Meanwhile, a study for a low-cost wavelength tunable source in a wavelength-division-multiplexing passive optical network (WDM-PON) has been recently researched by many research teams to realize a stable and economical high-capacity PON system [9] [10] . Another promising light source for WDM-PON called wavelength-locked FP-LD has some problems such that its performances depend on injected power and the modulation rate is limited. Therefore a wavelength-tunable source is considered to be an ultimate solution for WDM-PON, and low-cost tunable sources have been actively sought [11] .
One of the ways to implement a low-cost tunable source is to use a hybrid integration of a reflective semiconductor optical amplifier with a wavelengthselective reflector based on waveguide structures. A grating structure engraved on a polymer waveguide [11] [12] or a coupled-ring reflector [3] has been employed to realize a wavelength-selective tunable reflective filter for hybrid integration. The fabrication of the grating reflector needs an additional process of engraving after the waveguide formation, which might increase the cost of the device. The coupled-ring reflector has been recently introduced to simplify the fabrication process of the wavelength-selective reflector and the feasibility has been given through the experimental works [8] . The coupled-ring reflector is composed of two coupled rings both of which are coupled to a bus waveguide. Therefore the couplings from the bus waveguide and the coupled rings and vice versa result in a reflection naturally. A double-ring add/drop filter is also a good candidate for the transmission-type wavelength filter, and it is expected to provide better wavelength-selectivity than the coupled-ring reflector if a reflector is made by placing a mirror at the drop port. A mirror can be pro- vided by coating the drop port facet, but this requires an additional process. To provide fabrication simplicity and enhanced wavelength selectivity for the wavelength -selective reflector, a double-ring resonator add/drop filter integrated with a loop-back mirror at the drop port is proposed and the device characteristics are investigated through fabrication and measurement results. In this paper, a brief principle of the proposed wavelength -selective reflector is mentioned in section II, its design and fabrication in section III, measurement results IV, and finally conclusions in section V.
II. PRINCIPLE
As depicted in Fig. 1 , the proposed wavelength-selective reflector is composed of a double-ring add/drop filter and a loop-back mirror at the drop port. The brief operation principle is as follows. An incident wave is coupled into the first ring resonator as the clockwise wave through a bus-ring coupler (κ0). This wave is coupled into the second ring resonator as the counterclockwise wave through a ring-ring coupler (κ1), and then this wave is coupled into another bus waveguide through ring-bus coupler (κ0). In this coupling process, we keep in mind that the waves at the wavelengths that meet the resonant condition for both ring resonators can be transferred into the drop port. The loop-back mirror positioned at the drop port provides the reflection of the dropped wavelength components. In particular, if two ring resonators are designed to have slightly different radii, the FSRs (free spectral ranges) and resonant wavelength of two resonators are slightly different from each other. Therefore, the strong reflectivity is obtained only at particular wavelengths at which two rings are simultaneously resonant. Slightly different radii between two ring resonators have an important role for the wavelength tuning characteristic in wide range using a vernier effect. In other words, the slight tuning of the resonant wavelength in one of the rings causes the tuning of the drop wavelength over one FSR, which greatly enhance the tuning range. The tuning range is given by
where   represents a center wavelength,   is group index at specific wavelength, and R 1 and R 2 are radii of two rings. ∆  is the FSR of ring 2 and F is a tuning enhancement factor. In the case of our device,   is 1550 nm,   is 1.447 at a center wavelength, and R 1 and R 2 are 150 μm and 156 μm, respectively. Therefore, the tuning range is calculated to be about 44 nm.
The tradeoff between the tuning enhancement and the wavelength selectivity, however, has to be made. The device with large radius difference between two resonators has higher difference between FSRs than that with small radius difference, and can provide a superior wavelength selectivity characteristic. Meanwhile, in the case of the tuning characteristic, the tuning range for a large radius difference between two resonators is narrower than that for a small radius difference.
III. DESIGN AND FABRICATION
The polymer waveguide cross-section is shown in Fig. 2 . To realize a compact size, we use a polymer material with high-index-contrast as much as 8.7% and the buried waveguide has a core whose width and height are 1.5 μm and 1.6 μm, respectively. Meanwhile, the coupling ratios of bus-ring coupler and ring-ring coupler are designed to be 0.4 and 0.09, respectively. But there is a possibility of fabrication errors, and the dimensions considered during the design process may not be obtained. Thus we have designed the directional couplers whose coupling ratios are maintained even if fabrication errors are generated. When the waveguide's width changes from 1.1 μm to 1.9 μm the intensity of mode of the waveguide is shown in Fig. 3 . It can be seen that the intensity of modes does not change when a distance from the center of the waveguide is more than 2.3 μm. According to this fact, when a gap between the centers of the waveguides is more than 2.3 μm, it is expected to get directional couplers with the fabrication-errortolerant characteristic. In Fig. 4 , the bus-ring coupling ratio versus ring-ring coupling ratio satisfying maximallyflat condition of the ADF is shown [2] [13] [14] condition is not satisfied, the transmission spectrum would show split peaks or the peak reflectivity smaller than one even for a lossless case. The above-mentioned coupling ratio pairs (bus-ring and ring-ring coupling ratios) are calculated using three-dimensional beam propagation method assuming that there are fabrication errors in the waveguide dimensions, and plotted as data points in Fig. 4 . As you can see, if the error range of width and height of the waveguide is within ±0.2 μm, the positions of ring-ring and bus-ring coupling ratio pairs are close to the maximally-flat-condition. The fabrication error can be controlled to be smaller than ±0.2 μm using standard processing equipments and it is believed that the proposed device would show an excellent errortolerant characteristic.
To get good characteristics from the proposed reflector, we must design the loop-back mirror carefully. The reflector can provide high reflectivity if the loop-back mirror has low loss and high reflection in a wide wavelength range. So, an optimized design for the 3 dB coupler and bent-waveguide which are key components of the loop-back mirror is needed for good characteristics of our reflector. In bent waveguide design, we calculate the bending loss and coupling ratio in the region A of Fig. 1 , and the result is shown in Fig. 5 . As can be seen, the normalized bending loss for the radius larger than 120 μm is smaller than 0.005 dB. Note that if there is coupling effect in the region A, it interferes with normal reflection operation. So, we choose the optimum radius to be 150 μm. In Fig. 6 we show the power coupling ratio of the 3 dB coupler and the reflectivity of the loop-back mirror as a function of the bus waveguide length inserted into the 3 dB coupler to precisely control the coupling ratio. When the bus waveguide length is 141.85 μm, the power coupling ratio is 0.5 and therefore the reflectivity is unity. When the waveguide width and height error is within ±0.2 μm, the coupling ratio of the 3 dB coupler could deteriorate to about ±0.25. Even with this error the reflectivity can be maintained to be over 90%. As stated above, the reflector is fabricated as a planar lightwave circuit using polymer material to take advantage of simple fabrication process and low cost. The fabrication process is as follows. Firstly, a 12 μm-thick bottom cladding is formed using spin coating of polymer resin named LFR-378 (product of Chem-optics) on the Si substrate followed by thermal and UV curing. The waveguide pattern is formed by photo-lithography and inductively coupled plasma (ICP) etching process. Then the polymer resin named WIR30-510 is deposited and the curing process is carried out to make the core layer. The core layer is covered by the 5.3 μm-thick upper cladding layer. Finally heating electrodes are formed by evaporating Cr (100 Å) and Au (1000 Å). Finally, the each facet was polished after cleaving the device.
IV. MEASUREMENT RESULTS
The micro-photograph of the fabricated wavelengthselective reflector is shown in Fig. 7 . The footprint of the device is as compact as 2 mm x 0.4 mm. The busring and ring-ring coupling ratios are designed to be 0.4 and 0.09, respectively. Optical responses at the through port for each polarization are shown in Fig. 8 . Strong rejection at the wavelength of 1594 nm and 1593.05 nm for TE and TM polarization, respectively, is observed. In other words, polarization-dependent wavelength shift of this device is 0.95 nm. The reflection spectrum for each polarization is shown in Fig. 9 . As can be seen, the free-spectral-range of the reflector is 1.44 nm which is close to the design value. It is observed that high reflections are observed at the same wavelength where strong rejections appear at the through port. It is also observed that the smaller the reflection peak becomes the farther the wavelength is from the peak reflection wavelength. This happens because the resonant wavelengths of two rings get mismatched further as the wavelength gets distant from the peak reflection wavelength. As can be seen in Fig. 9(a) , for TE polarization, the reflectivity is 52% and full width at half maximum (FWHM) bandwidth is 0.13 nm. But for TM polarization, the reflectivity and FWHM bandwidth are 42% and 0.14 nm, respectively. In the aspect of the wavelength selectivity, TE polarization is 4 times better than TM polarization by comparing Fig. 9(a) and (b) , probably because the coupler characteristics for TE mode is closer to the design values than for TM mode.
When certain amount of current is applied to the electrode on top of one of two ring resonators, the refractive index (RI) of the ring is adjusted while the RI of another is maintained. Therefore, with the supply of proper amount of the current the aligned wavelength can be shifted one FSR by one FSR discretely. The Widely Tunable Wavelength-selective Reflector Using … -Ho Lee et al. measured wavelength tuning spectra of the reflector are shown in Fig. 10 . The tuning range is about 42 nm for the tuning current as small as 46 mA corresponding to the tuning power of 22 mW, which is similar to the theoretical tuning range. This wavelength-selective reflector is especially useful in realizing a widely tunable laser by hybrid-integrating it with a reflective semiconductor optical amplifier.
V. CONCLUSION
A new wavelength-selective reflector with high reflectivity and wide tuning characteristic has been demonstrated. The reflector is composed of a double-ring resonator add/drop filter connected with a loop-back mirror at the drop port. Use of high-index-contrast polymer material as a planar lightwave circuit platform makes it possible to realize a compact device as small as 2 mm x 0.4 mm using a simple fabrication process and possibly at a low cost. Measurement results show that maximum reflectivity is 52% with 0.13 nm FWHM bandwidth for TE mode. Polarization-dependent wavelength shift of the device is about 0.95 nm. The ring radii of two rings are designed to be slightly different from each other to provide a wide tuning by a vernier effect. The ring radius of one ring is 150 μm and that of the other is 156 μm. In this case the wavelength tuning range is about 42 nm for the tuning current as small as 46 mA, which is quite similar to the theoretical value. When this wavelength-selective reflector is hybrid-integrated with a reflective semiconductor optical amplifier, a low cost tunable source for WDM-PON could be realized.
